The binding properties of chrysin with serum albumin (SA) were investigated under physiological conditions by calorimetry, circular dichroism (CD) spectroscopy, and molecular modeling. Based on the thermodynamic data, molar reaction enthalpy, reaction order (n) and the rate constant (k) were calculated. The results of CD spectroscopy showed that chrysin could bind to SA and the conformation of SA did not have any high-ordered structural change. Computational mapping revealed chrysin binding to the subdomain IB in SA. The chrysin-serum albumin complex was stabilized by hydrophobic force and hydrogen bonding and the reaction was a spontaneous process.
It is known that the distribution, free concentration, and metabolism of various drugs are strongly affected by the drug-protein interactions in the blood stream [1] . Serum albumins (SA) are the major soluble protein constituents of the circulatory system and have many physiological functions [2] . The most important property of this group of proteins is that they serve as a depot and transport protein for several endogenous and exogenous agents (i.e., fatty acids, drugs, and metabolites) [3] . Human and bovine serum albumins (HSA and BSA) have been widely used as model proteins for diverse studies [4] [5] [6] . Chrysin (5,7-dihydroxy flavone) ( Figure 1 ) is widely distributed in Passiflora (passionflower), medicinal herbs [7, 8] , flowers and honey of many plant species [9] . It has been shown to possess several biological activities, including anticancer [10] [11] [12] , antioxidant [13, 14] , anti-inflammatory [15, 16] , vasodilatory [17] , and estrogenic effects [18, 19] . The structure-affinity relationship of chrysin on binding to serum albumins has also been studied [20] [21] [22] [23] .
Many articles have been published on the pharmacological characters of chrysin. However, few investigations were concerned with its thermokinetic characteristics. In this paper, the kinetics of chrysin binding to serum albumin, and the probable binding location will be reported in detail.
Calorimetry is a powerful probe of reaction pathways and mechanisms of chemical reactions by virtue of providing highquality kinetic data. It provides on-line, quasi-continuous, and noninvasive measures of reaction rate [24] . With microcalorimetry, Zhai et al. explored antibiotic resistance in bacteria and reported the thermokinetic parameters of imipenem hydrolysis with B1 subclasses of metallo-β-lactamase CcrA from Bacteroides fragilis [25] . Zhao and co-workers investigated the effects of two ginsenosides, Rg 1 and Rb 1 , on splenic lymphocyte growth [26] . Yang's group studied the inhibition of Escherichia coli by two cephalosporins [27] , and Kong et al. investigated the effect of berberine on Shigella dysenteriae and Candida albicans [28, 29] . be divided into three stages according to the thermogram. In the curve of HSA-chrysin at 298.15 K (Figure 2a ), there was an endothermic peak, which was divided into three stages: stage I (0-157 s), stage II (157-817 s), and stage III (after 817 s); while the curve of BSA-chrysin at 303.15 K (Figure 2b) appeared as one exothermic peak, divided into three stages: stage I (0-119 s), when t = 119 s, and the exothermic maximum had been reached, then stage II (119-840 s), and stage III (after 840 s). Stage I: The reaction was triggered when the reagent solutions were mixed. Chrysin solution diffused and bound to SA, which would contain dilution heat and reaction heat. Stage II: The solution was completely mixed and formed a uniform mixture; all of the heat flow was coming out of the heat of reaction. Stage III: The association-disassociation reached equilibrium, so the curve flattened and remained constant for about 12 h.
Thermokinetic theory can provide both thermodynamic and kinetic information at the same time. The irreversible chemical reaction of A(aq) and B(aq) at constant temperature and pressure:
Where the reactive species A reacts with B to form species AB;
[A] 0 , [A] i , and [A] ∞ represent the concentration of compound A at the corresponding time t = 0, t = i, and t = infinity, respectively; H ∞ is total enthalpy of a reaction (corresponding to the area under the microcalorimetric heat flow curve); H 0 , H i , is the reaction heat at time t = 0, t = i (corresponding to the area under the curve at time t); α 0 , α i , and α ∞ is the fraction of the reaction that has occurred to time t = 0, i, and infinity, respectively. According to the reaction boundary conditions, the relationship between the reaction extent and the energy change in the reaction system is expressed as [31] :
(3) In general, the rate of reaction dα i /dt is given by
According to Eq. 2, and Eq. 3, Eq. 4 can be transformed as Eq. 5:
(5) This leads to the thermokinetic equation for irreversible reactions at constant temperature and pressure [32] [33] [34] Eq. 6:
Where k is the rate constant represented with conversion and its unit is s -1 , n is the reaction order, (dHi/dt) the enthalpy change rate at t, (shown in Figure 2 ), P (mW) = dHi/dt (mJ·s -1 ). Based on the thermokinetic equation (6), the rate constant (k) can be obtained through regression analysis of the thermokinetic data.
Binding properties of chrysin with serum albumin Natural Product Communications Vol. 9 (2) 2014 197 Figure 3 shows three-dimensional graphs of the thermokinetic equations at the corresponding time. It can be seen that the 3-D plots exhibited a comparatively linear relationship at stage II. Thus, the rate constant (k) can be obtained through linear regression analysis of stage II. lnk is the ordinate of the double logarithm regression curve of ln
] is set at 0 and n is the slope of the curve. The curves exhibited a comparatively good linear relationship; the rate constant k and the reaction order n could be achieved from the figures and are listed in Table 1 . The reaction order n for both chrysin binding to HSA and BSA were approximated to 1, which proved that the reaction processes between chrysin and the HSA or BSA is similar to a quasi-first-order reaction. Circular dichroism studies: Circular dichroism data can provide useful information on proteins such as the content changes of the αhelix structure and secondary structure involving the β-sheet component [35] . CD spectra of BSA with various concentrations of chrysin are shown in Figure 5 . The native BSA exhibited two negative bands at 208 and 222 nm, which are characteristic of the typical α-helical structure of the protein. A reasonable explanation is that the negative peaks between 208-209 and 222-223 nm contributed to the n → π* transfer for the peptide bond of the αhelix [36, 37] . Furthermore, the fact that the 208 nm band is larger than that at 222 nm indicated that there is an α + β structure in native BSA [38] . The secondary structures of native BSA and drug-BSA are evaluated by comparing the α-helix contents, corresponding to the ellipticity of the bands at 208 nm. The CD results are expressed in terms of mean residue ellipticity (MRE) in deg·cm 2 ·d·mol −1 , according to equation (7) [39]:
Where C P is the molar concentration of the protein, n is the number of amino acid residues (583) and l is the path length (0.1 cm). The α-helix contents of BSA can be calculated by the MRE value at 208 nm using equation (8) (8) Where MRE 208 is the observed MRE value at 208 nm, 4000 is the MRE of the β-form and random coil conformation cross at 208 nm, and 33,000 is the MRE value of a pure α-helix at 208 nm. With the above equation, the α-helix contents were obtained from the CD spectra ( Figure 5 ). The calculated results exhibited a small decrease in the α-helical content from 34.25% in free BSA to 33.70% at a molar ratio C chryin /C BSA = 1:1. Similar results were seen when there was a small decrease in the α-helical content from 61.97% in free HSA to 61.63% at a molar ratio C chryin /C HSA = 1:1. The CD spectra of SA in the presence and absence of chrysin were similar in shape, and chrysin showed no CD peak in the region 190-250 nm, which indicated that chrysin did not cause any highordered structural change of SA.
Docking analysis of chrysin to SA:
A molecular docking study was executed to predict the binding site of chrysin with HSA and BSA. From 1000 confomers obtained in each docking simulation, the resulting conformations were clustered using a root-mean-square deviation (rmsd) of 2.0 Å and the pose corresponding to lowest energy in the most populated cluster was extracted as the resultant complex structure. The program LigPlot+ [40] was used to plot the interactions between chrysin and SA. A schematic diagram is shown in Figure 6 and the binding energies of chrysin-SA are listed in Table 2 .
The binding energies of the resulting conformations is −7.31 and −8.35 kcal/mol for BSA-chrysin and HSA-chrysin complexes, respectively. These small Gibbs free energies indicate that the interaction between chrysin and SA were highly spontaneous and energetically favorable. Chrysin was adjacent to the hydrophobic residues Val188, Met184, Ile181, Arg185, Pro117, Leu115, Glu140, Il141, Tyr137, Tyr160, and hydrophilic amino acid Lys136 of domain IB in BSA ( Figure  6a ). H-bonding interaction was involved in the binding of 7hydroxyl to Lys136. The length of the hydrogen bond (O···H···O) was 2.78 Å. A little different binding mode was found in HSA (Figure 6b ). This is not unexpected because there are some differences in the structures of HSA and BSA. Two leucines (Leu135 and Leu154) in HSA served as proton acceptors to form hydrogen bonds with 5-hydroxyl and 7-hydroxyl hydrogen atoms of chrysin, respectively, which might result in the conformational change of chrysin in HSA in comparison with BSA. The residues Phe157, Phe165, Tyr138, Leu139, Tyr161, and Ala158, accommodated the hydrophobic skeleton of chrysin via hydrophobic force. However, there are also two group residues equivalent in the 3D position. One of these is tyrosine (Tyr160 in BSA and Tyr161 in HSA), and the other is lysine (Lys136 BSA and Tyr138 HSA). So, in the process of binding of chrysin to SA, hydrophobic forces most likely play a major role, but hydrogen bonds also contribute. These results agree with the analyses of Jianbo Xiao and Guowen Zhang [21, 23] . The docking results also revealed that chrysin binds to SA within the IB pocket (Figure 7) , a site that has recently been identified as the primary binding site of myristic acid [41] , heme [42] , 3,5-diiodosalicylic acid [43] , bilirubin photosisomer [44] , a sulfonamide derivative [45] , and the steroid antibiotic fusidic acid [44] . Crystallographic studies have also shown that the large crevice of subdomain IB harbors secondary binding sites for some additional compounds [46] . The chrysin pocket in the HSA and BSA molecules were analogous to myristic acid in HSA. This pocket also has the ability to extend to accommodate large ligands such as heme. Its size adaptability is achieved by the presence of a flexible chain composed of residues 106-119 at the surface of the serum albumin [43] .
In this paper, the interaction of chrysin with SA was studied by calorimetry, circular dichroism and molecular modeling. The results of microcalorimetry showed the reaction between chrysin and HSA in 303 K absorbed heat at -4.74 × 10 8 J·mol -1 , but when bound to BSA produced heat at 4.12 × 10 8 J·mol -1 ; the kinetic equations of chrysin binding to HSA and BSA were dα/dt = 2.71828 -7.90 (1α) 0.91 , and dα/dt = 2.71828 -6.08 (1 -α) 1.17 , respectively; the reaction process was a first-order reaction and spontaneous. The CD spectra of SA in the presence and absence of chrysin were nearly identical, which meant that chrysin did not cause any high-ordered structural change of SA. Docking results indicated the chrysin-SA complex was stabilized by hydrophobic force with the amino acid residue in the IB pocket. 
Determination of thermodynamic parameters by microcalorimeter:
Structure and technical parameters of microcalorimeter have been detailed previously [47] . Microcalorimeter was calibrated first using the Joule effect. Calorimetric system was accurate (accuracy 0.02%) and reliable (precision 0.3%) [48, 49] . The chrysin solution (1.0 mL, 1 × 10 -4 mol·L -1 ) was placed in a small glass tube above the SA (1.0 mL, 2.0 × 10 -4 mol·L -1 ), which was in a larger glass tube. After establishment of equilibrium, the small glass tube with chrysin solution was pushed down simultaneously. This led to mixing of the two solutions and the thermogram was recorded.
Circular dichroism spectroscopy:
Chrysin stock solution (0.1 mL) and SA (2.0 × 10 -4 mol·L -1 ; 1.0 mL) were added to a 10 mL volumetric flask, and PBS buffer was added to dilute the mixture to the scale mark. Three hours later, the CD spectra of the mixture, chrysin and SA were measured in a MOS-450 spectrometer (Bio-Logic, France). For measurements in the far-UV region (190-250 nm), a quartz cell with a path length of 0.1 cm was used in a nitrogen atmosphere.
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Docking studies: The 2D structure of chrysin was drawn in ACD/ChemSketch (version 12.0), and then energy-minimized in Open Babel [50] using a mm94 force field. The prepared structure was used as the input file for docking. The structures of SA were taken from the Protein Data Bank having PDB ID: 1U5N [42] and 4F5S [51] . At the beginning of the docking study, ligands and all water molecules were removed, Kollman charges and solvation parameters were added in AutoDock tools (ADT) (version 1.4.5), as required in the Lamarckian Genetic Algorithm. Grid maps of 126 × 126 × 126 points with grid-point spacing of 0.3750 Å were generated using the AutoGrid [52, 53] . The map was centered on the macromolecule, and the volume of the box was large enough to encompass all binding regions. The 1000 genetic algorithm (GA) runs were performed using AutoDock (version 4.2) with the following parameters: population size 200, maximum number of 2.5 × 10 6 energy evaluations, and maximum number of 27,000 generations.
